Over the past six decades, acetonitrile (ACN) has been the most employed organic modifier in reversed-phase high-performance liquid chromatography (RP-HPLC), followed by methanol (MeOH). However, from the growing environmental awareness that leads to the emergence of Bgreen analytical chemistry,^new research has emerged that includes finding replacements to problematic ACN because of its low sustainability. Deep eutectic solvents (DES) can be produced from an almost infinite possible combinations of compounds, while being a Bgreener^alternative to organic solvents in HPLC, especially those prepared from natural compounds called natural DES (NADES). In this work, the use of three NADES as the main organic component in RP-HPLC, rather than simply an additive, was explored and compared to the common organic solvents ACN and MeOH but additionally to the greener ethanol for separating two different mixtures of compounds, one demonstrating the elution of compounds with increasing hydrophobicity and the other comparing molecules of different functionality and molar mass. To utilize NADES as an organic modifier and overcome their high viscosity monolithic columns, temperatures at 50°C and 5% ethanol in the mobile phase were used. NADES are shown to give chromatographic performances in between those observed for ACN and MeOH when eluotropic strength, resolution, and peak capacity were taken into consideration, while being less environmentally impactful as shown by the HPLC-Environmental Assessment Tool (HPLC-EAT) metric. With the development of proper technologies, DES could open a new class of mobile phases increasing the possibilities of new separation selectivities while reducing the environmental impact of HPLC analyses.
Introduction
Organic solvents generate large amounts of chemical waste that is harmful to the environment and human health while additionally being costly to dispose of. Green analytical chemistry aims at reducing the use of organic solvents, particularly in chromatographic separations [1] . Chromatographic separations are used in the research of new chemicals and in the production of compounds for both their analysis and purification. Of these chromatographic techniques, high-performance liquid chromatography (HPLC) is one of the most used in the world and reversed-phase (RP-HPLC) is the most used mode in HPLC [2] . Solvent selection rules for HPLC have developed over the past six decades, and acetonitrile (ACN) has been consistently employed as the most used organic modifier Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00216-018-1027-5) contains supplementary material, which is available to authorized users.
in RP-HPLC, followed by methanol (MeOH) [3] . This has led to the technological development of instruments and columns for HPLC that have been strongly directed to be compatible with these two solvents, particularly ACN [3] . Even during the global financial crisis in 2009, when there was a critical shortage of ACN with significant price increases [4, 5] , ACN remained the solvent of choice for most analysts. Few alternative solvents were tested in that period; however, acetone and ethanol provided good results [4, 6] . The current comfortable situation has led to some limitations in the possibilities of separations in HPLC. This situation is deepened by the fact that many regulating agencies require the employment of validated methods which include ACN as a mandatory mobile phase component [7] . From the growing environmental awareness that led to the emergence of the so-called Bgreen chemistry,^new research has emerged to find replacements to ACN [8] , especially because it is an undesirable solvent from a sustainable point of view [9, 10] . It was estimated in 2008 that there were 130,000 HPLC instruments operating around the world [11] , but more recently, a large manufacturer of HPLC instruments estimated that there are currently 200,000. Considering an average consumption of 0.5-1 L of mobile phase per day [3, [12] [13] [14] [15] , 26,000,000-52,000,000 L of chemical waste is produced every year worldwide. Therefore, finding alternatives for organic solvents in HPLC is a highly important issue from an environmental performance perspective, in addition to the separation performance perspective.
Current approaches to find alternatives to commonly used environmentally impactful organic solvents, such as ACN, involve replacing them with solvents such as ethanol (EtOH) [3, 13] or acetone [16] . Other chromatographic techniques which require little or no organic solvent such as supercritical fluid chromatography (SFC) [17, 18] and superheated water chromatography (SWC) [19] are also undergoing rapid new developments. These chromatographic methods require specialized equipment and columns capable of working at these supercritical or high temperature conditions [12] .
Furthermore, SWC struggles to analyze non-polar compounds due to their low solubility in water [20] and even when enough eluotropic strength is achieved, selectivity is a major issue. More recently, the separation of carboxylic acid compounds (naproxen, ibuprofen, and ketoprofen) was achieved with an amine functionalized silica particle stationary phase and a CO 2 -modified water mobile phase, demonstrating another type of environmentally friendly chemical analysis [1] . Different approaches used to reduce organic solvents have been the introduction of surfactants [21] or additives to the mobile phase [8] . Some of these additives have included ionic liquids (ILs) [22] and deep eutectic solvents (DES), most of which can be environmentally considered as Bgreen^solvents. However, it is still important to note that most separations reported in the literature still use at least 10% organic solvents such as ACN or methanol (MeOH) [8, 23] .
DES are formed by mixing hydrogen bond donor and acceptor compounds together with the resulting hydrogen bonding network producing a substance with a lower melting point than its individual components [24] . Many advantageous characteristics have been described for DES, such as their ability to be formed from a wide variety of compounds, water compatibility, low vapor pressure, non-flammability, biocompatibility, biodegradability, and easy preparation [25] . To date, many different DES have been reported in the literature and it is estimated that around 10 6 DES could be possible [25, 26] . A sub-class of DES made from primary metabolites (e.g., carbohydrates, amino acids, organic acids), which are common in living cells, have recently been developed and coined natural deep eutectic solvents (NADES) [27] . NADES have been shown to be less cytotoxic than their equivalent DES [28, 29] . Multiple studies have shown the use of NADES as extraction solvents [30] [31] [32] [33] [34] , whereas few studies of NADES have demonstrated their use in analytical separation techniques. DES have previously been used as mobile phase additives in RP-HPLC allowing for enhanced peak shapes and resolution [35, 36] . However, the concentrations of DES used in these studies were below 8 wt% which means there is likely a complete loss of their supramolecular structure resulting in the physicochemical properties of the DES being very different to when there is little or no water present in the DES [37] .
Herein, an assessment of the performance of NADES as alternatives to organic solvents in HPLC separations using current technology was conducted. NADES were tested as major mobile phase components rather than simply as an additive in RP-HPLC. To meet this aim, (i) the use of organic solvents was kept to a minimum, (ii) three different NADES of relatively low viscosity were employed as organic modifiers, (iii) their performances were compared to the more commonly used HPLC solvents ACN and MeOH in addition to the greener EtOH both in terms of chromatographic performance and Bgreenness,^and (iv) the potential separations of two mixtures of analytes were used: protocatechuic acid derivatives (PADs) as well as a mixture of compounds (MIX) of varying acidity, molar mass, and functional groups allowing for an assessment of their chromatographic performance. [38] .
Materials and methods

Preparation of NADES
The NADES were prepared by weighing choline chloride (CC), ethylene glycol (EG), lactic acid (LA), glucose (Glu), and water (H 2 O) to the desired molar ratios. The desired mixtures were accommodated into a Schott bottle and heated to 50-60°C while stirring for 30-60 min to lead CC:EG 1:3, CC:EG 1:2, and LA:Glu:H 2 O 5:1:4 (all molar ratios). The resulting transparent liquids were heated to 70°C and vacuum filtered before use as a mobile phase component.
HPLC experiments
Chromatographic analyses were conducted in an ultra-highperformance liquid chromatography (UHPLC) system Ultimate3000 (Thermo, Sunnyvale, USA), equipped with a ternary pump model DGP-3600RS and a SRD-3600 solvent rack with degasser, a thermostatted column compartment TCC-3000RS, a diode array detector DAD-3000(RS), and an autosampler model WPS-3000RS. The equipment was controlled by the software Chromeleon v. 6.80. The sampling rate was 25.0 Hz and the analyses were monitored from 200 to 400 nm. The chromatograms were plotted in Origin2017. Since lactic acid absorbs at both wavelength, 245 and 260 nm, the chromatograms with LA:Glu:H 2 O 5:1:4 as the organic modifier were plotted for an easier visual comparison between mobile phase performances, with the baseline subtracted using Origin2017. The original chromatogram without baseline subtraction is included in the ESM (Fig. S2 ).
Separations were achieved on Chromolith® RP-18e (Merck) or Onyx® C18 (Phenomenex) monolithic columns (100 × 4.6 mm) that were endcapped. For experiments performed with a pure solvent as the organic modifier, mobile phases were composed of water (A) and ACN or MeOH or EtOH (B) using the following solvent gradient: 5-70% B (0-30 min), 70% B (30-35 min), and 70-5% B (35-40 min). For experiments with NADES, the mobile phases were composed of water (A), EtOH (B), and a NADES (C) using the following solvent gradient: 5% B and 0-65% C (0-30 min), 5% B and 65% C (30-35 min), 5-70% B and 65-0% C (35-43 min), and 70-5% B and 0% C (43-48 min). Separations were conducted at 50°C with a flow rate of 1.5 mL min . A mixture of compounds (MIX, ESM 
). All samples were filtered through 0.22-μm nylon filters.
The resolution (Rs) for overlapping peaks was estimated according to Snyder [39] , whereas for none overlapping peaks, it was calculated according to Eq. 1 as stated in reference [40] :
where t and W are the average retention times and full width at half maximum (FWHM) from replicate experiments with peaks m. The peak capacity (PC) was determined according Eq. 2 as stated in reference [39] :
where t f and t i are the average retention times from replicate separations of the final and initial peaks in the separation respectively and W t is the average FWHM of all the peaks in all the separations.
Results and discussion
Finding the experimental conditions RP-HPLC with a C18 stationary phase is the most commonly used liquid chromatographic mode; therefore, the potential for NADES in RP conditions was explored. Although the UHPLC instrument used could accommodate backpressures up to 1000 bar, it was expected that the major experimental challenge in using NADES as a mobile phase would be the high viscosities so careful selection was made for the chromatographic conditions. A highly porous monolithic column (100 × 4.6 mm) was selected as the stationary phase instead of a packed column, and three NADES with comparatively low viscosities were selected to be tested as the major organic components of the mobile phase. For these NADES, the viscosities were still reported to be between 19 and 37 mm 2 s
which is at least one order of magnitude more viscous than traditional organic solvents [24, 41] . In order to reduce the viscosity while not damaging the monolithic column, separations were conducted at 50°C. Initially, the solvents were preheated to this temperature in a water bath before being pumped into the instrument. As there was no observable improvement in the chromatographic performance compared to that achieved when only a preheater was installed inside the column oven, this extra pre-heating was not used in the experiments shown. A flow rate of 1.5 mL min −1 was selected for all analyses. In early experiments, it was observed that using a 0.13-mm-diameter tubing in the HPLC system before the DAD/UV caused the backpressure to reach 400 bar when the mobile phase composition was greater than 65% of the lowest viscosity NADES used, CC:EG 1:3. There is an exponential increase in the viscosity as the water content of the NADES decreases which is likely due to a stronger H bond network present with a lower water content [37] . Since the backpressure was already greater than the 206 bar recommended by the manufacturer, the narrow bore tubing was replaced with 0.18-mm-diameter tubing. Using wider diameter tubing, the backpressure did not exceed 203 bar when the organic content in the mobile phase was below 70% (65% NADES, 5% EtOH, and 30% water), even for NADES more viscous than CC:EG 1:3. Therefore, with careful selection of tubing, temperature, and mobile phase composition as well as the type of NADES and columns used, it is possible to lower the backpressure such that NADES can be used as an organic modifier.
Although there is no reason not to hypothesize that NADES could completely replace organic solvents in RP-HPLC if a stationary phase was developed for such purpose, it was found that it was necessary to maintain 5% of an organic solvent in the mobile phase to maintain symmetrical peak shapes. We hypothesize that this is because the CC:EG-based NADES used were unable to fully solvate the C18 stationary phases causing the C18 groups to not be completely exposed. By having 5% organic solvent in the mobile phase, it appears that the stationary phase was sufficiently solvated. Therefore, organic solvents could not be completely eliminated from the mobile phase with the NADES tested and 5% EtOH was added as a mobile phase component since it is one of the Bgreenest^organic solvents [42] , thus maintaining a method with a very low environmental impact.
Comparing the performances of NADES and organic solvents
The ability of NADES to elute and to separate compounds of increasing hydrophobicity, such as the PADs, was compared with organic solvents to assess the eluotropic strength and selectivity. When the same conditions were employed, the eluotropic strength order observed was LA:Glu:H 2 O 5:1:4Ẽ tOH > ACN > CC:EG 1:2 > CC:EG 1:3 > MeOH (Fig. 1) .
MeOH was unable to elute all the PADs while all the other organic modifiers including the tested NADES were able to elute them (Fig. 1) . The same eluotropic strength order was observed when the MIX was analyzed (Fig. 2) . The retention times of the PADs when eluted by LA:Glu:H 2 O 5:1:4 was 1-5% different to when ACN was used, thus showing that a NADES can have a similar eluting strength to ACN in RP-HPLC. Very similar trends in retention times were observed when NADES or organic solvents were used to separate the MIX (Fig. 2) . When the two CC:EG-based NADES are compared, it can be seen that an increase in the CC content (decrease in EG content) increased the eluotropic strength of the mobile phase (Figs. 1 and 2 ). For the separation of PADs, as shown in Table 1 , the median resolutions for all peak pairs were 8.5, 11.2, and 11.4 for MeOH, EtOH, and ACN, respectively, whereas they were 10.1, 10.3, and 11.8 for CC:EG 1:3, LA:Glu:H 2 O 5:1:4, and CC:EG 1:2, respectively (calculated using Eq. 1). MeOH led to the lowest median resolution which could be linked to its elution strength since one compound was not eluted with this mobile phase. Only the mobile phase containing CC:EG 1:3 resolved the first two peaks (Fig. 1) . These peaks might be the protocatechuic acid and its conjugated base which was not completely resolved when ACN or any other mobile phase components were employed (Fig. 1) .
Analyzing the separation of the eight compounds of the MIX (ESM Table S1 ), the median resolutions for all peak pairs were 2.8, 3.5, and 4.6 for EtOH, ACN, and MeOH, respectively, whereas they were 5.6, 6.7, and 6.7 for CC:EG 1:3, LA:Glu:H 2 O 5:1:4, and CC:EG 1:2, respectively (Table 1) . However, only separations with mobile phases containing ACN or EtOH led to chromatograms containing eight peaks, but with two overlapping peak pairs (Fig. 2) . The minimum resolutions are estimated as 0.5 for both mobile phase components (Table 1 ). LA:Glu:H 2 O 5:1:4, CC:EG 1:3, and MeOH led to seven peaks, with the peak from 4,6-dinitroortho-cresol disappearing. CC:EG 1:2 led to six peaks, which evidenced the complete coelution of two pairs of compounds. Overall, the retention behavior and resolutions of all the analytes examined are not significantly different for either NADES or organic solvents when used as the mobile phase.
The FWHM of the peaks of most compounds separated with NADES were smaller than when MeOH was employed as the organic modifier but they were still slightly larger (approximately 5-10%) than when ACN or EtOH were the organic modifier (ESM , Table S2 and Fig. S4 ). NADES involve more than one molecule, most in a hydrogen bond network and potentially some free solvated molecules when the mobile phase has a high aqueous content. As a NADES is not a single species, the elution mechanism could involve a number of different interactions resulting in the slightly broader peaks. Adsorption of NADES to the stationary phase was observed through peak tailing in chromatograms when the column was subsequently used with organic solvents after having been used with NADES. As expected, the slightly broader peaks observed for NADES compared to ACN in the case of the PAD separation, (ESM Fig. S4 ) led to slightly lower peak Table 1 ). On the other hand, the peak capacity for CC:EG 1:2 was higher than that observed for MeOH (91.8) and very close to that observed for EtOH (141.6) (see Table 1 ). All compounds had significant peak tailing with MeOH in the mobile phase and the hydrophobic compounds tested exhibited small amounts of peak tailing when CC:EG 1:3 was used. This tailing contributed to increased peak broadening. The majority of peaks eluted by NADES are symmetrical further showing that NADES are suitable eluents in HPLC. Regarding repeatability, the median of the relative standard deviations (RSDs) for retention times, peak area, and FWHM revealed that there is no significant difference when organic solvent or NADES mobile phases were used ( Table 1 ). The RSDs of the peak area when NADES was used are in the same range as when ILs have been used as additives [43] . The RSDs were generally below 0.5% for the peak retention time with the exception of CC:EG 1:3 and MeOH. The higher RSDs for CC:EG 1:3, CC:EG 1:2, and MeOH are most likely due to some of the peaks tailing. The median RSD of peak areas was higher for the MIX when LA:Glu:H 2 O 5:1:4 was used as the mobile phase (Table 1) . Since LA absorbs UV, this NADES presented a noisy baseline (ESM Fig. S2 ) even when a higher detection wavelength was used. This was particularly problematic for the MIX as they absorb more at lower wavelengths than the PADs.
Assessing the Bgreenness^of the mobile phases
There are a number of different metrics available in the literature for assessing the Bgreenness^of an analytical method, each with advantages and disadvantages [15, 44, 45] . In the case of HPLC methods, we find the HPLC-Environmental Assessment Tool (HPLC-EAT) to be the most appropriate since it can lead to a fine differentiation between HPLC methods [3, 14] . The HPLC-EAT approach gives a score on the method based on how the solvents used affect the environment but also the risk to the operator in terms of health and safety, where the lower the score, the less impact of the method and thus the more Bgreen^it is. The HPLC-EAT score is calculated according to Eq. S-1, which contains individual scores for Safety, Health, and the Environmental (SHE) impact. The SHE scores are determined from a number of different parameters (e.g., acute and chronic toxicity and persistency in the environment) which were developed in references [46, 47] . The SHE scores for common organic solvents are present in the database of the HPLC-EAT software making the determination of the HPLC-EAT score easy to obtain. However, the NADES components used have not been assessed making the parameters of the SHE scores not available in the software. These parameters were determined with data from the Organization for Economic Co-operation and Development (OECD) (ESM, Tables S3-S5). Selecting the value for the parameters in the SHE scores can be difficult in cases where reliable data about that chemical is not readily available. Since some NADES components are not often the focus of toxicological studies, an accurate toxicity may not be available; thus, the most impactful value was used to determine the SHE scores. Therefore, the SHE scores of the NADES are likely overestimated. Another disadvantage of using these scores is that there is no parameter that describes if it is sourced from a renewable source or not. For example, a method employing petrochemical-based ethanol or bioethanol will get the same HPLC-EAT score. Furthermore, in order to calculate the SHE scores, it is assumed that the NADES would have the same impact as the sum of the individual components. Nevertheless, the estimated scores of the NADES still allow a comparison with organic solvents. The results of the HPLC-EAT metric for the mobile phases used are shown in Table 2 . All the NADES mobile phases have a lower score than the organic solvents, CC:EG 1:2 being the greenest mobile phase employed in this work, followed by CC:EG 1:3 (Table 2 ) because of the difference in the fraction of CC. Indeed, CC has been stated as a green NADES component [26] . ACN clearly has the highest HPLC-EAT score, followed by MeOH and EtOH. Overall, the S scores observed for the NADES when compared with the organic solvents were definitive to rank them as the greener mobile phases ( Table 2 ). The low volatility and flammability of NADES have previously been stated as a clear advantage as to why NADES have less environmental impact than organic solvents [8, 26] . The NADES have similar H and E scores to the organic solvents (Table 2) , likely due to the fact that there is limited reliable toxicological data for the components of the NADES. Overall, the HPLC-EAT scores demonstrate that using NADES as a mobile phase provides a Bgreener^sepa-ration method than using traditional organic solvents.
Current limitations and general notes about NADES as a mobile phase component
NADES is definitely a Bgreener^solvent type than the traditional ACN or MeOH, and the chromatographic performance in terms of resolution, retention, and peak repeatability is similar to what can be achieved with ACN, MeOH, and EtOH. Therefore, NADES can be used to develop a Bgreen^mobile phase; however, there are still a number of challenges to overcome before routine use could be considered. Firstly, the viscosity does make handling NADES, including filtration, more difficult, laborious, and time consuming than organic solvents. This might be facilitated by the development of HPLC modules especially designed for NADES; for example, a highpressure automated filtration module in the instrument would speed up this step. It was found that modern HPLC pumps were required to reach the entered flow rate as the volume eluted was lower than programmed in an instrument more than 10 years old. However, since modern HPLC instruments continue to improve their ability to withstand high pressures (≥ 1000 bar) and temperatures, factors such as this are beginning to be considered as less of a hurdle for producing Bgreener^methods [48] . Furthermore, by using appropriate tubing and high temperatures (≥ 60°C), the backpressure could be considerably lowered. The difficulty does remain that a number of stationary phases are unable to handle these high temperatures or pressures. Recent developments in the production of highly permeable monolithic columns could solve this issue [49] .
Another issue that was observed with NADES was the strong interaction of the NADES with the stationary phase. The adsorption reduced the chromatographic performance of any separation when subsequently using that column with a traditional mobile phase using an organic solvent, even after extensive washing. However, the chromatographic performance remained the same if a NADES solvent was used and so this may only be a problem if the same column is used with different mobile phases, which is often not the case for the majority of routine analysis. When DES and ILs are used as mobile phase additives, their main advantage had been described as the cationic components adsorbing to the exposed silanol groups of the stationary phase, reducing peak tailing, and improving the separation of cationic compounds [35, 50, 51] . Although, not all DES contain a cationic component, in the case of CC-based NADES, this adsorption will likely always occur with any silica-based stationary phase.
It is important to mention that there is currently no BHPLCgrade^NADES so impurities in the NADES that absorb in the UV range or those having fluorescence could appear in the chromatograms when an UVor fluorescence-based detector is hyphenated to the HPLC system. Although it was not tested here, the NADES-based mobile phases would likely be problematic for coupling the HPLC system to detectors where volatilization of the mobile phase is required such as mass spectrometry (MS), evaporative light scattering detector (ELSD), and corona-charged aerosol detector (C-CAD). Precipitation of these impurities or of NADES that have been stored for long periods of time could also be problematic for HPLC equipment. A module to keep NADES under soft agitation together with 50-60°C of temperature would solve most of the stability problems related to many NADES that would be used as mobile phase major organic components whereas also decreasing their viscosity. As NADES become common solvents, higher purity NADES components can become available making these problems obsolete and allowing the use of all common HPLC detectors that do not require 
Conclusion
From the proof of concept presented here, NADES demonstrated a high potential as green mobile phase components to replace harmful organic solvents in RP-HPLC which have been commonly used for the last 50 years. Considering that the technologies employed in this work were developed to be more compatible with traditional organic solvents than the three NADES tested, the NADES performed well, all giving chromatographic performances in between those observed for ACN and MeOH, which are the two most used organic solvents in HPLC. Although ACN provided the best overall performance for the mixtures tested here, due to the almost infinite possible combinations of DES that could be produced from different compounds, it is possible that other DES could potentially surpass this traditional harmful solvent and that the separation of any specific pair of compounds could be achieved by tailoring DES for this purpose. Moreover, water content and temperature can be used as an extra tool not only for decreasing viscosity and change eluotropic strength of the mobile phase, but additionally for fine tuning selectivity. This could be advantageous as it offers an alternative and green way to improve selectivity other than focusing on the development of new columns. Notwithstanding, the development of appropriate technologies must be considered essential before NADES can be routinely used in HPLC analysis. With these further developments, an automated green extraction method could be possible utilizing NADES as both the extraction solvent and mobile phase similar to what can currently be achieved for organic solvents [52] .
Although the selection of NADES tested here was driven by a desire to use the less viscous ones (to be compatible with the maximum backpressure of columns used), a selection guided by environmental parameters would lead to a much greener advantage for NADES compared to traditional organic solvents ACN and MeOH, and even to the greener EtOH. As a result, NADES can be tailored to produce Bgreenerâ nalyses in addition to tailored selectivity depending on the desired separation.
